erable variation has since been reported in pathogen isolates collected in the USA (Chen et al., 1995; Marshall Barley stripe rust (caused by Puccinia striiformis Westend. f. sp.
straightforward. Quantitative resistance is a disease response that defies easy rating (i.e., resistant vs. susceptible). This type of resistance can be described in terms B arley stripe rust is an important disease of barof a scale, such as percent severity on a plot basis. A ley. This disease has caused serious yield losses quantitatively resistant genotype allows some symptom throughout the world (Dubin and Stubbs, 1985) . In the development under intense epidemic conditions. In the Americas, barley stripe rust (BSR) was first observed case of stripe rust, the wheat-wheat stripe rust model in Colombia in 1975 and Dubin and Stubbs (1985) postuhas been much more extensively studied than the barlated that the disease was introduced from Europe. The ley-barley stripe rust model, and in the former, quantitadisease spread southward, reaching Argentina in 1982, tive resistance is defined as resistance which is nonrace and northward, reaching Mexico in 1987 (Calhoun et specific and expressed only at the adult plant stage (Mial., 1988) . In the USA, BSR was first observed in Texas lus and Line, 1986a,b) . The use of quantitative resistance in 1991 (Marshall and Sutton, 1995) . By 1995, the disease in a breeding program requires extensive field testing was reported throughout the western USA. Commerand this type of resistance is generally more difficult to cial-scale epidemics have occurred annually in Califorbreed for than qualitative resistance. The interest in nia and Oregon since 1995. At least one million of the quantitative resistance is due to its probable durability. approximately 3.2 million acres of barley in the western
In the case of BSR, the germplasm developed by the USA could be considered at risk to BSR.
ICARDA/CIMMYT program in Mexico allows limiThe population of BSR in the Americas was first ted symptom development when exposed to the specdescribed as race 24 (Dubin and Stubbs, 1985) , which trum of virulence encountered in field tests in South was first reported in Europe in the early 1960s. ConsidAmerica, Mexico, and the USA. Sandoval-Islas et al. (1998) determined the resistance of 500 accessions from responding to race 24. Seventy-six percent of the lines tance genes with the adult plant resistance QTL reported by Toojinda et al. (2000) . had low disease severities (10% or less) at the adult plant stage. The fact that ICARDA/CIMMYT germplasm has remained resistant to BSR over a 15-yr period MATERIALS AND METHODS may be grounds for describing it as having durable resisPlant Materials and Evaluations of Disease Resistance tance. Accordingly, one approach to develop resistant varieties for the U.S. Pacific Northwest would be to Ninety-four F 1 -derived doubled haploid (DH) lines were introgress quantitative resistance genes from the unproduced from the cross of Shyri ϫ Galena as described by adapted ICARDA/CIMMYT germplasm. Toojinda et al. (2000) , using the Hordeum bulbosum L. techTo accomplish this resistance gene identification and nique (Chen and Hayes, 1989) . Shyri is a two-rowed feed barley developed by ICARDA/CIMMYT (Mexico) and reintrogression as quickly and efficiently as possible, we leased by INIAP (Ecuador). Galena is a proprietary twoinitiated a collaborative effort to use molecular markers rowed malting barley belonging to the Coors Brewing Comfor resistance QTL mapping and marker-assisted selecpany, Inc. tion (reviewed by Hayes et al., 2001) . We mapped QTL Adult-plant disease severity assessments, linkage mapping, for BSR resistance to barley chromosomes 4(4H) and and QTL analysis procedures for adult plant resistance were 7(5H) in one accession (Chen et al., 1994) and chromodescribed by Toojinda et al. (2000) . For the current study, the somes 2(2H), 3(3H), 5(1H), and 6(6H) in another (Tooparents and the DH population were assayed for resistance jinda et al. (2000) . We hypothesized that these accesto BSR, at the seedling stage, following the procedures described by Chen and Line (1992) . Isolates corresponding to sions have different BSR resistance QTL alleles and races PSH-1, PSH-13, and PSH-14 of P. striiformis f. sp. hordei proceeded to develop a complex population pyramiding (Chen et al., 1995) were used to inoculate the seedlings. Infecthe resistance QTL alleles on chromosome 4(4H) and tion types were recorded 20 d after inoculation on the basis 7(5H) sib with the resistance QTL alleles on chromoof a 0-to-9 scale (0: complete resistance; 9: complete susceptisome 5(1H) (Castro et al., 2000) . Experimental results bility) as described by Line et al. (1974). have confirmed the QTL effects in the new genetic background (Castro et al., 2002b) . Thomas et al. (1995) Analyses reported BSR resistance QTL alleles in the cultivar of genome regions detected. The difference between parental marker class means estimates the additive effect of the QTL flanked by the markers. Double crossovers between the QTL and marker loci downwardly bias estimates of the effects. Thus, differences between parental marker genotype means are conservative estimates of the effects of QTL residing in the n chromosomal regions.
Because the response (dependent) variable was binomial (1 ϭ resistant and 0 ϭ susceptible) and the response probability distribution was binomial, the analysis was performed by a generalized linear model (Nelder and Wedderburn, 1972; McCullagh and Nelder, 1989 ) with a logit link function, g() ϭ log[/(1 Ϫ )], and binomial errors, where is the expected value of y ϭ r/n (the probability of resistance to stripe rust), r is the number of resistant lines, n is the total number of lines, and r ϭ 1, 2,..., n.. The probability distribution and variance of y are 
Mapping Resistance Genes
and test statistics were estimated by a Type III analysis (analoTo locate the genes responsible for the seedling resisgous to partial sums of squares analyses of general linear models). We performed separate analyses of the effects for tance we used QTL analysis tools, recognizing that the each stripe rust race and a combined analysis across stripe phenotypic values were not normally distributed. Our rust races. The former analyses entailed estimating the least expectation was that the QTL analysis tools would prosquare means for each QTL and their interactions, the additive vide us with estimates of the numbers of genes determineffects, the additive by additive interaction effects, and likeliing resistance and approximate locations of these genes.
hood ratio statistics for tests of significance of the effects (P For each one of the three races, two large-effect QTL values were calculated by means of asymptotic chi-square were detected. These QTL were detected on chromodistributions). The latter analysis entailed estimating the least somes 5(1H) and 6(6H) by all QTL analysis procedures. square means and test statistics for the effect of stripe rust race These QTL will be referred to as QTL5 and QTL6 in (R) and interaction effects between R and QTL, in addition to the reminder of this manuscript (Table 3) . No significant the main and interaction effects across races. The probability QTL ϫ race interaction was detected. at the previously mentioned positions on chromosomes tion of alleles at a single locus gives a 1:1 phenotypic ratio and dihybrid segregation with independent assort- ent. Examples of this type of digenic resistance have been described for stem and leaf rust of wheat (Knott Race and Anderson, 1956; Singh and McIntosh, 1984) .
PHS-1 PHS-13 PHS-14 No. of DH lines
Although the number of DH lines in each of the
phenotypic classes is almost the same for each of the R R S 1 three races (Table 1) , the DH lines in each group were
not always the same (Table 2 ). This could be due to
misclassification of the resistance phenotype, or, as elab-
orated upon in the Discussion, to linked, race-specific
resistance genes. interaction was detected in the joint analysis. No QTL5 ϫ QTL6 interaction was detected in any of the analyses. As shown in Fig. 4 , the probability of resistance three isolates at the seedling stage, and determinants of adult plant resistance, map to the same regions of the 5(1H) and 6(6H). LOD values were lower for QTL6.
genome. QTL coincidence can be due to linkage or The multitrait analysis performed with MultiQTL also pleiotropy, and QTL confidence intervals span large detected the same two QTL determining resistance to physical distances, according to the physical map of all three races (Table 3) . In both cases, the alleles associ-Kü nzel et al. (2000) . Accordingly, we do not know if ated with the higher level of resistance came from Shyri the same genes, or if linked genes, are involved in seed- (Table 4) .
ling and adult plant resistance. The QTL5 is located in The locations of the seedling resistance QTL on the a region of intermediate recombination frequency, while Shyri ϫ Galena map are presented in Fig. 2 , on the QTL6 is located in the border between high and low basis of the QTL peaks detected by both analysis procerecombination frequency zones (Kü nzel et al., 2000; dures. The confidence intervals are based on the boot- Hayes et al., 2000) . The QTL5 region comprises a relastrap simulations from MultiQTL. The QTL on chromotively small physical part of the chromosome. The QTL6 some 5(1H) (QTL5) is located in a confidence interval region with the present level of resolution, however, spanning 23.3 cM (LM637/8-3 to Bmac213) and the QTL covers approximately half of the corresponding chroon chromosome 6(6H) (QTL6) is located in a confimosome. dence interval spanning 37.0 cM (MWG652A to Linka).
Resistance genes determining responses to the same Both QTL are coincident in their location with the two and/or different pathogens are known to cluster in plants most important adult plant resistance QTL reported by Toojinda et al. (2000) (Fig. 3) . Because of the presence (Michelmore, 1995; Kanazin et al., 1996 ; Ellis et al., Thomas et al, 1995; and because this cultivar allows some symptom development at the adult plant stage when exposed to field 1996; Hayes et al, 2000; Backes et al., 1995; Spaner et al., 1998; Qi et al., 1998) .
inoculum, the variety is considered by the ICARDA/ CIMMYT program to have quantitative resistance. In the case of the Shyri ϫ Galena population, the stripe rust resistance phenotype at the adult plant stage, under Quantitative resistance at the adult plant stage (sensu Chen and Line, 1995) is considered non race specific. field conditions, is quantitative while the resistant phe- the variable magnitude of resistance QTL across environments (Toojinda et al., 2000) could reflect the frequencies of different races in the pathogen population. Seedling resistance is generally thought to reflect gene-A third possibility is that each of the QTL regions reprefor-gene relationships (McIntosh and Wellings, 1986) .
sents the effects of multiple, linked genes, each of which The three races used in this experiment have shown conditions different race and/or growth stage speciimportant differences in their virulence when tested ficities. with differential cultivars (Chen et al., 1995) . That the Additional experiments will be necessary to detersame QTL were detected for all three races at the seedmine the causes of the differences in estimates of the ling stage and that there was no evidence for QTL ϫ additive effects of QTL5 and QTL 6 at the seedling race interaction could be interpreted as evidence for stage and adult plant stages (Fig. 4) . The presence of non-race specificity of the seedling resistance QTL.
resistance alleles at both QTL increases, more than proHowever, this interpretation cannot account for the DH portionally, the chances of recovering the resistant phelines that were resistant to only one or two of the three notype. Even though there is no statistical evidence for QTL ϫ QTL interaction, from a disease management point of view, having resistances alleles at two QTL loci is 30% more likely to give a disease resistance phenotype than having resistance alleles at only one of the two loci. Resistance alleles at the two QTL are necessary but not sufficient, for the resistance phenotype. These seedling resistance genes may show incomplete penetrance. Similar results were reported (in this case including significant epistasis) for seedling resistance QTL on chromosomes 4(4H) and 6(6H) in the Calicuchima/ Bowman population (Castro et al., 2002a) . Two possible explanations are (i) the two QTL control different components of the resistance pathway and (ii) the expression is a function of the inoculum load. The degree of disease resistance is determined by various epidemiological components such as number of infections, rate of lesion expansion, pathogen fructification, length of latent or incubation period, spore deposition, and infectious period, and number of propagules necessary to establish infection (Berger, 1977) .
If the seedling and adult plant stripe rust resistance QTL in Shyri represent the effects of the same genes, and each of these genes determines a different component of resistance, it is possible that a single component could slow the rate of epidemic progression under field tance genes in the seedling resistance data in that QTL5
Least square means of adult plant disease severity for the same is necessary, but not sufficient for resistance: considering only the lines which have the Shyri allele at QTL5, the ratio of susceptible: resistant lines is 1:1, and the and Mendelian, in a common genetic background. These experiments should prove useful in unraveling the comprobability of resistance in the joint analysis was 33%. In contrast, considering only the lines which have the plexities of stripe rust resistance in barley and it is hoped will prove useful as a model for developing cultivars Shyri allele at QTL 6, the ratio of susceptible: resistant lines is 3:1 and the probability of resistance in the joint with durable resistance and for integrating molecular and epidemiological approaches to understanding plant analysis was 17% (Fig. 4) .
Regarding inoculum load, Luke et al. (1972) 
